Although optically based imaging techniques provide valuable functional and physiological information of the retina, they are mostly limited to the probing of the retinal surface and require an unobstructed light path. MRI, in contrast, could offer physiological and functional data without depth limitation. Blood oxygenation level-dependent functional MRI (BOLD fMRI) of the thin rat retina is, however, challenging because of the need for high spatial resolution, and the potential presence of eye movement and susceptibility artifacts. This study reports a novel application of highresolution (111 T 111 T 1000 mm 3 ) BOLD fMRI of visual stimulation in the anesthetized rat retina at 11.7 T. A high-field MRI scanner was utilized to improve the signal-to-noise ratio, spatial resolution and BOLD sensitivity. Visual stimuli (8 Hz diffuse achromatic light) robustly increased BOLD responses in the retina [5.0 W 0.8% from activated pixels and 3.1 W 1.1% from the whole-retina region of interest (mean W SD), n ¼ 12 trials on six rats, p < 0.05 compared with baseline]. Some activated pixels were detected surrounding the pupil and ciliary muscle because of accommodation reflex to visual stimuli, and were reduced with atropine and phenylephrine eye drops. BOLD fMRI scans without visual stimulations showed no significantly activated pixels (whole-retina BOLD changes were 0.08 W 0.34%, n ¼ 6 trials on five rats, not statistically different from baseline, p > 0.05). BOLD fMRI of visual stimulation has the potential to provide clinically relevant data to probe hemodynamic neurovascular coupling and dysfunction of the retina with depth resolution.
INTRODUCTION
The retina, a sensory tissue located at the back of the eye, is the first stage of visual processing. It contains millions of photoreceptors that capture photons and convert them into electrical signals which travel along the optic nerve to the brain before they are turned into images. The entire retinal thickness, including the choroid vascular layer, is approximately 270 mm in rats (1) . Many blinding diseases affect the retina.
Electroretinography (2) records electrical activities from various cell types in the retina via surface electrodes. Laser Doppler flowmetry (3), laser speckle imaging (4, 5) and intrinsic optical imaging (6) (7) (8) can image hemodynamic (blood flow and oxygenation) changes associated with visual stimulations and physiological modulations. These imaging methods provide a means to investigate the unique neurovascular coupling in the retina (9, 10) , which is important because perturbations in neurovascular coupling and function have been implicated in many retinal diseases, including glaucoma (11) (12) (13) and diabetic retinopathy (10) .
Hemodynamic responses to visual stimuli using other imaging techniques are sparse. Laser Doppler flowmetry reported visually evoked blood flow changes in the retina in the optic nerve head (14) . Intrinsic optical imaging also reported visually evoked changes in the retina (6) (7) (8) , although the signal source remains ambiguous, but is generally referred to as the 'reflectance change' caused by both scattering and absorption. Although these optical techniques provide valuable functional and (wileyonlinelibrary.com) DOI:10.1002/nbm.1571 physiological information of the retina, they are mostly limited to the probing of the retinal surface and require an unobstructed light path. The retinal pigment epithelium is generally inaccessible by optics. Diseases with media opacity, such as cataract and vitreous hemorrhage, may preclude the use of optics to study the retina.
MRI, in contrast, offers non-invasive physiological and functional data with depth resolution, albeit at a lower spatial resolution compared with optics. Oxygenation changes associated with physiological challenges in normal and degenerated retina have been reported using blood oxygenation leveldependent functional MRI (BOLD fMRI) at 90 Â 90 Â 1000 mm 3 (1) . Blood flow and its responses to physiological challenges in normal and degenerated retina (15, 16) have been reported using MRI at 90 Â 90 Â 1500 mm 3 . These approaches offer a means to investigate neurovascular coupling associated with physiological challenges. MRI of light and dark adaption has been reported using manganese-enhanced MRI, in which manganese serves as a calcium analog and an MRI contrast agent (17) . BOLD fMRI of visual stimulation of the cat retina at 485 Â 485 Â 2000 mm 3 found robust responses to visual stimuli and differential responses among stationary gratings, drifting gratings and dark (18) .
In the present study, we explored the feasibility of performing BOLD fMRI of visual stimulation on the rat retina. Gradient-echo BOLD fMRI at 11.7 T was utilized. Visual stimuli employed diffuse achromatic light flickering at 8 Hz. A high magnetic field was used to improve spatial resolution and BOLD contrast sensitivity. The novelty of this study included BOLD fMRI of visual stimuli in rat retina for the first time at considerably higher resolution (111 Â 111 Â 1000 mm 3 ) and at high field (11.7 T). The challenges of visually evoked BOLD fMRI of the rat retina are discussed, and the solutions detailed. This approach could provide a means to study neurovascular coupling and function in the rat retina, where many retinal disease models are readily available.
MATERIALS AND METHODS

Animal preparation
All animal experiments were performed with institutional approval and in accordance with the Statement for the Use of Animals in Ophthalmic and Vision Research. Normal adult male Sprague Dawley rats (250-350 g) were initially anesthetized with approximately 2% isoflurane in air, intubated and mechanically ventilated. Afterwards, the animals were secured in an MRI-compatible rat stereotaxic headset with ear and tooth bars, and isoflurane was reduced to 0.9-1.0% after animals had been paralyzed with pancuronium bromide (3 mg/kg first dose, 1.5 mg/ kg/h, intraperitoneal injection) (1, 15) . This animal preparation protocol yielded stable MRI data over a long acquisition time (1, 15) . End-tidal CO 2 was monitored via a Surgivet capnometer (Smith Medical, Waukesha, WI, USA). Noninvasive end-tidal CO 2 values have been calibrated previously against invasive blood gas samplings under an identical setting (19) . The rectal temperature was maintained at 37.0 AE 0.58C. The heart rate and blood oxygen saturation level were monitored using a MouseOx system (STARR Life Science Corp., Oakmont, PA, USA). All recorded physiological parameters were maintained within normal physiological ranges. This animal protocol has been utilized previously, and has been demonstrated to yield robust BOLD responses to physiological challenges (1).
Animals were studied without (n ¼ 5) and with (n ¼ 5) the application of atropine, phenylephrine and proparacaine eye drops in different animals. In addition, fMRI studies were performed before and after eye drop application in two additional rats and the same setting, where the animal was slid out and back into the scanner without re-shim (remote administration without moving the animals was attempted, but the eye drop left a very bright spot on the images). Experiments were also performed without visual stimuli to evaluate potential 'correlation' noises from the animals mentioned above. Proparacaine, which is a topical anesthetic with a half-life of 15 min, was not expected to have a significant effect during MRI acquisition. All eyes were coated with a thin layer of eye ointment to prevent dryness during MRI.
Visual stimulation
Visual stimuli used 8 Hz flickering achromatic light delivered via an optical fiber and a custom-made diffuser. A luminance of 72.64 candela/m 2 was measured in front of the rat eye. For each trial, fMRI data were acquired with 10 epochs of (60 s OFF and 30 s ON), followed by 60 s OFF. In a few earlier experiments, five epochs of (60 s OFF and 30 s ON), followed by 180 s of OFF, were used. A 5-10-min break (no visual stimulation) was given between repeated trials. The timing of the stimuli, frequency and amplitude were controlled by a PC with custom-made software/ hardware. Typically, two to four trials were repeated on each animal.
MRI methods
MRI studies were performed on an 11.7-T/16-cm magnet and a 75-G/cm B-GA9S gradient insert (Bruker, Billerica, MA, USA). A custom-made, small circular transceiver surface coil (inside diameter, $ 7 mm) was placed on the left eye. Magnetic field homogeneity was optimized using standard FASTMAP shimming with first-order shims on an isotropic voxel of 7.5 Â 7.5 mm 2 encompassing the entire eye ball. The magnet bore was dark except during visual stimulation.
Scout images were acquired to plan a single mid-sagittal imaging slice bisecting the center of the eye for all subsequent imaging in order to minimize the partial volume effect (PVE) caused by retinal curvature (1, 15) . BOLD fMRI was acquired using single-shot, gradient-echo, echo planar imaging (EPI) with inversion recovery contrast, employing TR ¼ 3 s, TE ¼ 13 ms, TI ¼ 1. . The vitreous signal was suppressed using inversion recovery (18) .
At 111 Â 111 Â 1000 mm 3 , two to three pixels spanned the retinal thickness of 267 mm, including the choroid (1). Assuming a spherical rat eye of 6 mm in diameter, the upper limit of PVE caused by the retinal curvature was 16% of the total retinal thickness for a single central imaging slice (1) .
Anatomical images were also acquired with and without eye drops using a gradient-echo sequence, TR ¼ 360 ms, TE Figure 1 shows the anatomical images of an animal without eye drops and one with eye drops. The ciliary muscles were pulled back. The pupil was dilated and remained dilated at the end of the MRI experiments. Figure 2 shows the visually evoked BOLD fMRI activation map and time course of a rat retina before and after application of atropine and phenylephrine eye drops in the same animals. Before eye drop application, activated pixels in the retinas and ciliary muscles were consistently detected (horizontal blue arrows). The animal was slid out of the scanner and eye drops were applied and the animal was slid back in without re-shimming. After eye drop application, activated pixels in the ciliary muscles were eliminated. Moreover, time-series movies of anatomical and functional MRI images showed that the pupils and ciliary muscles moved in correlation with the stimulus onset before eye drops; these movements were markedly reduced or eliminated after the application of eye drops. It should be noted that activated pixels in the anterior chamber were sometimes detected, probably as a result of susceptibility artifacts (vertical green arrows).
RESULTS
As negative controls to confirm that activated pixels were free of 'correlation noise' , fMRI data were compared with and without visual stimulation on the same animals using identical acquisition and analysis protocols. Without visual stimulation, no significantly Figure 1 . Anatomical images of the eye before and after eye drops (atropine and phenylephrine) in the same animal. Two consecutive image slices from a representative animal are shown. With eye drops, the pupil was dilated and the ciliary muscles, a ring of striated smooth muscle that controls accommodation, were pulled back. 3 ) of the same rat retina before and after application of atropine and phenylephrine eye drops in the same animal. Map is overlaid on echo planar images. Before eye drop application, activated pixels in the retinas and in the ciliary muscles (horizontal blue arrows) were detected. After eye drop application, activated pixels in the ciliary muscles were eliminated. Activated pixels in the anterior chamber (vertical green arrows) were probably artifacts. The stimulation paradigm involved 10 epochs of (60 s OFF and 30 s ON), followed by 180 s OFF. Color bar, cross-correlation coefficients of 0.03-0.3 (16 contiguous pixel clustering). activated pixels were detected at the same statistical threshold (Fig. 3) and BOLD changes of the whole-retina ROI were 0.08 AE 0.34% (mean AE SD, n ¼ 6 trials on five rats), not statistically different from baseline ( p > 0.05). Note that visual responses were sometimes stronger in the bottom half of the retina, because of the radiofrequency coil nonuniformity caused by coil positioning, which is most evident in the anatomical MR image of Fig. 1 . Figure 4 shows the BOLD fMRI activation map and the corresponding time course of a representative animal with application of atropine and phenylephrine eye drops and optimized shimming to minimize signal dropout and distortion of EPI. Activated pixels were predominantly localized to the retina without activated pixels in the pupils and ciliary muscles. The group-averaged percentage change from activated pixels in the retina was 5.0 AE 0.8% (mean AE SD, n ¼ 12 repeats on six rats, p < 0.05 compared with baseline). Data were also analyzed using an ROI of the entire retina. The group-average percentage change from the whole-retina ROI was 3.1 AE 1.1% (mean AE SD, n ¼ 12 repeats on six rats, p < 0.05 compared with baseline).
DISCUSSION
This study demonstrates high-resolution BOLD fMRI of visual stimulation on the rat retina with 111 Â 111 Â 1000 mm 3 at 11.7 T. Activated pixels in the ciliary muscles were reduced with atropine and phenylephrine eye drops. BOLD fMRI of the retina provides depth-resolved, clinically relevant information, and could be used to study normal retinal function as well as dysfunction in diseased states.
Animal issues
Eye motion
In contrast with optically based imaging techniques which have remarkably high temporal resolution, fMRI data per time point take on the order of seconds to acquire, depending on the spatial resolution, signal-to-noise ratio (SNR), pulse sequences and others. In addition, fMRI requires time-series acquisitions during which multiple epochs of baseline and stimulation are presented. Such fMRI studies take on the order of minutes, depending on stimulation paradigms. Moreover, multiple fMRI trial measurements and multiple modalities (such as functional, blood flow and anatomical MRI) can be made in the same setting. Thus, the elimination of eye movement in animal studies over hours is desirable for within comparisons. We have observed previously that, despite the animals being under deep isoflurane anesthesia per se (up to 3% isoflurane) (20) , the eye still drifts slightly over time. This is probably because the eyeball could not be readily immobilized, in contrast with the skull for brain imaging. Paralytics as utilized herein successfully eliminated eye movement over long (hours) measurements. Residual drift can be readily corrected using image registration algorithms (20) .
Without using eye drops, activations in the ciliary muscles and the lens were often observed to correlate with the activation paradigm. This is a result of physiologically induced changes from visual stimuli, known as 'accommodation reflex responses' . Atropine and phenylephrine were used to dilate the pupil and relax ciliary muscles, which could be seen in the anatomical MR image. Atropine is an antagonist for the muscarinic acetylcholine receptor (21) , which blocks the activity of muscle and glands innervated by the parasympathetic nervous system and paralyzes the accommodation reflex, resulting in long-lasting pupil dilation (up to a few hours to a day). Phenylephrine is an agonist for a 1 -adrenergic receptors and activates the sympathetic nervous system, also resulting in pupil dilation (22) . It is worth noting that it is possible that, with pupil dilation, more light will enter the retina, resulting in larger BOLD changes; such effects were not investigated.
Activated pixels in the anterior chamber were sometimes observed. Analysis of EPI movies showed that these activated pixels in the anterior chamber were fluctuating largely in intensity, but there were also minor changes in morphology localized to the anterior chamber (the retina, by and large, was not affected). This was probably a result of the temporal fluctuation of EPI in regions of high magnetic susceptibility and wrap-around (aliasing) caused by the small FOV used to achieve high resolution. 
Anesthetics
Isoflurane was chosen over injectable anesthetics because it is readily adjustable and can be maintained at a stable level over an extended period, such that physiological parameters can be consistently maintained within the normal physiological ranges (23) . Importantly, isoflurane anesthesia can be used in survival studies, in contrast with other commonly used anesthetics, such as a-chloralose and urethane. Paralytic can be effectively reversed by neostigmine, although it was not utilized here.
The disadvantage of isoflurane is that it is a strong neural suppressor in a dose-dependent manner, which could reduce response magnitudes, similar to many other anesthetics. Isoflurane is also known to be a strong vasodilator, which could reduce the head room for stimulus-evoked blood flow, and thus the BOLD signal increase. Nonetheless, robust BOLD fMRI of visual stimulations in the retina could be detected under isoflurane. Robust BOLD fMRI in the brain has also been reported under isoflurane anesthesia (23) (24) (25) . It is worth noting that medetomidine (Domitor 1 ) (26, 27) has recently gained some popularity in survival fMRI studies, because it also yields a robust BOLD response, although it is relatively difficult to maintain stable anesthesia over an extended period.
MRI issues
High-resolution MRI has low SNR; therefore, a high-sensitivity surface coil optimized for imaging the eye and a high magnetic field scanner were used to improve SNR. At high field, distortion and susceptibility-induced signal dropout are potential issues. Optimizations of shimming and EPI parameters are important. Echo planar images were relatively free of artifacts, although elongation or compression of the images (depending on the phase-encoding direction) and signal dropout in the anterior chambers in the retina (depending on shimming) were sometimes observed. Spin-echo EPI BOLD acquisition could minimize signal dropout (1) and, with spin echo acquisition, diffusion could be used to preferentially suppress vitreous signals (1). Non-EPI approaches that have less susceptibility and signal dropout artifacts, such as balanced steady-state free precession, could be explored.
In the brain, the stimulus-evoked BOLD change is typically around 1-3%. High-field MRI was used to improve BOLD contrast (28) . BOLD percentage changes scale with field strengths. Physiological noises, however, become more apparent at higher fields. Nonetheless, there is a general consensus that BOLD contrast-to-noise ratio scales with B 0 (28).
Responses to visual stimulation
The group-averaged percentage change from activated pixels in the retina was 5.0 AE 0.8% and from the whole-retina ROI was 3.1 AE 1.1%. ROI analysis was performed to avoid bias and to allow quantitative comparison with data without turning on the visual stimulation. Our findings are in general qualitative agreement with a previous study on BOLD fMRI of visual responses in the cat retina, also using inversion suppression of the vitreous humor at 9.4 T at 485 Â 485 Â 2000 mm 3 (18) . In that study, BOLD fMRI signals were reported to increase by 2.0 AE 0.3% as a result of drifting gratings and 1.0 AE 0.1% as a result of stationary gratings ( p < 0.02). Higher field and higher spatial resolution generally yield larger BOLD responses as expected.
In a previous study using BOLD fMRI at 90 Â 90 Â 1000 mm 3 (1), differential lamina-specific responses in the retina were detected, associated with physiological (hyperoxic and hypercapnic) challenges, which are known to induce vascular-specific responses. Similar findings have also been reported using blood flow fMRI (29) and blood volume fMRI (30) associated with the same physiological challenges. In the current study, the spatial resolution was lower than that of physiological stimulation (1) and the visual stimulus (flicker) did not evoke lamina-specific responses. Future studies will improve the spatial resolution and employ known lamina-specific visual stimuli to attempt to resolve lamina-specific responses in the retina.
CONCLUSIONS
This study demonstrates a novel BOLD fMRI application of visual stimulation on the rat retina at 11.7 T. Potential applications of BOLD fMRI include imaging of neurovascular coupling and function in normal and diseased states in animal models, such as diabetic retinopathy, glaucoma and macular degeneration. BOLD fMRI of the retina has the potential to complement existing retinal imaging techniques.
